Oryza sativa SPL14 (OsSPL14), identified as the IDEAL PLANT ARCHITECTURE1 or WEALTHY FARMER'S PANICLE gene, plays a critical role in regulating rice plant architecture. Here, OsSPL14-overexpression transgenic rice plants had shorter growth periods, short narrow flag leaves, and thick green leaves compared with wild type 'MH86' plants (WT). Additionally, transgenic lines had higher chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car x) contents at both seedling and mature stages. Expression of OsSPL14 increased at transcriptional level, and OsSPL14 protein level was substantially increased in transgenic lines relative to WT. A transcriptome analysis identified 473 up-regulated and 103 downregulated genes in the transgenic plants. The expression of differentially expressed genes (DEGs) involved in carotenoid biosynthesis, abscisic acid (ABA) metabolism, and lignin biosynthesis increased significantly. Most of DEGs participated in "plant hormone signal transduction" and "starch and sucrose metabolism" were also up-regulated in the transgenic plants. In addition, there were higher ABA and gibberellin acid 3 (GA 3 ) levels in OsSPL14-overexpression rice plants at seedling and tillering stages compared with WT. In contrast with that of WT, lignin and cellulose contents of culm increased distinctly. Also, silicon and potassium contents increased dramatically in transgenic lines. Meanwhile, the chalkiness ratios and chalkiness degrees decreased, and the gel consistency levels improved in transgenic lines. Thus, overexpression of OsSPL14 influenced growth period, leaf development, hormonal levels, culm composition, and grain quality characters of rice, which provides more insight into the function of OsSPL14.
Introduction
Rice (Oryza sativa) SPL14 is a member of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes. SPL genes encode plant-specific transcription factors that have a highly conserved zinc ion-containing DNA-binding domain, known as a SQUAMOSA PROMOTER BINDING PRO-TEIN [SBP]-box (Yamasaki et al. 2004) . SPB1 and SPB2 were the original SPL genes identified in Antirrhinum majus, and they bind to the promoter of the floral meristem identity gene SQUAMOSA (Klein et al. 1996) .
Many SPL genes contain microRNA (miRNA) target sites, including those of miR156/157, and the target sites are located in the coding regions or 3′ untranslated regions (UTRs). In Arabidopsis thaliana, 10 of 16 SPL genes are predicted to be targets of miR156 (Rhoades et al. 2002; Schwab et al. 2005) . SPL3, -4, and -5 each contain a target site for miR156 in their 3′ UTRs and are strongly repressed Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1072 5-019-00569 -0) contains supplementary material, which is available to authorized users. by miR156. Overexpression of SPL3 accelerates flowering, and plants expressing SPL3 having a mutated or lacking miR156 target site appeared earlier flowering and fewer leaves (Cardon et al. 1997; Wu and Poethig 2006; Gandikota et al. 2007) . Additionally, paralogous genes SPL9 and SPL15, having miR156 target sites, are involved in controlling the juvenile-to-adult phase transition, and spl9 spl15 double mutants have shortened plastochrons, altered inflorescence architecture, and enhanced branching (Schwarz et al. 2008; Wang et al. 2008) . SPL8, which contains no miRNA target sites, affects megasporogenesis, trichome formation on sepals, and stamen filament elongation (Unte et al. 2003) . Accordingly, a series of studies on SPL genes in A. thaliana suggested that AtSPL genes are mainly associated with plant development and flowering.
In rice, there are 19 SPL genes that are unevenly distributed in the genome. Among them, 11 OsSPL genes are putative targets of OsmiR156. OsSPL genes are expressed in various tissues, including root, leaf, stem, panicle, stamen, and pistil, with most of the genes being predominantly expressed in the young panicles (Xie et al. 2006) . OsSPL8, participating in building the laminar joints between leaf blades and leaf sheath boundaries, controls the development of ligules and auricles (Lee et al. 2007 ). OsSPL7, a target of OsmiR156, regulates tiller number and plant height. OsSPL7 overexpressing plants showed reduced tiller number, while OsSPL7 RNAi plants showed increased tiller number and reduced height (Dai et al. 2018) . OsSPL3, another target of OsmiR156, regulates crow root development, and mutant of OsSPL3 had fewer crown roots (Shao et al. 2019) . OsSPL14, also known as the IDEAL PLANT ARCHITECTURE1 (IPA1) or WEALTHY FARMER'S PANICLE (WFP) gene, is a homolog of Arabidopsis SPL9/SPL15, and it is regulated by OsmiR156/OsmiR529 (Jeong et al. 2011; Yue et al. 2017) . A point mutation in the target site for OsmiR156 resulted in a significantly increased OsSPL14 protein level, which generated the mutation with reduced tiller number, increased grain number and grain weight, produced stout stems and improved lodging resistance (Jiao et al. 2010 ). An epigenetic change in the OsSPL14 promoter resulted in the same phenotype (Miura et al. 2010) . Introduction of the functionally epigenetic OsSPL14 WFP allele into elite indica rice genomes resulted in greatly improved panicle traits and grain yield (Kim et al. 2018) . Moreover, the three tandem repeats in the upstream regions of IPA1/OsSPL14 enhanced the open chromatin configuration and reduced DNA methylation at the IPA1/OsSPL14 promoter, resulting in the optimal OsSPL14 expression level and ideal plant architecture, having the proper tiller number and large panicles (Zhang et al. 2017 ). Furthermore, the ipa1 loss-of-function mutants generated by CRISPR/Cas9 had a dwarf phenotype with increased tiller numbers (Li et al. 2016) . A genome-wide expression profiling analysis suggested that IPA1/OsSPL14 could directly bind to the SBP-box target motif GTAC and regulate the expression of TEOSINTE BRANCHED1 (TB1) and DENSE AND ERECTPANICLE1 (DEP1), which influence tiller number, plant height, and panicle length (Lu et al. 2013) . Additionally, higher IPA1 levels can enhance immunity in rice. Phosphorylated IPA1/OsSPL14 activates the expression of WRKY45, which then enhances blast disease resistance . Overexpression of IPA1/ OsSPL14 also enhances disease resistance against bacterial blight . Because of an important role of IPA1/OsSPL14 in rice, studies on the regulatory mechanisms influencing its expression were carried out. A RING-finger E3 ligase, IPA1 INTERACTING PROTEIN1 (IPI1), could regulate the protein levels of IPA1/OsSPL14 in different tissues (Wang et al. 2017a) . A human ovarian tumor domaincontaining ubiquitin aldehyde-binding protein 1 like deubiquitinating enzyme in rice could promote the degradation of IPA1/OsSPL14 indirectly (Wang et al. 2017b) . DWARF 53 (D53), a key repressor of the strigolactone (SL) signaling pathway, suppresses the transcription of IPA1/OsSPL14 (Song et al. 2017 ). SHORT INTERNODE1 (OsSHI1), by interacting with IPA1/OsSPL14, reduces the DNA-binding ability of IPA1/OsSPL14 to modulate the expression of downstream target genes . In short, IPA1/ OsSPL14 plays important roles in controlling plant architecture and participates in disease resistance. Also, gene regulatory networks related to IPA1/OsSPL14 are complex and the corresponding molecular mechanisms require further clarification.
In this study, we introduced OsSPL14 into the indica cultivar 'MH86′ and obtained transgenic lines that showed shorter growth periods, short narrow flag leaves, fewer tillers, and strong culms compared with the non-transgenic parental line. A transcriptome analysis indicated that genes involved in carotenoid biosynthesis and lignin biosynthesis were up-regulated in transgenic lines. The levels of ABA and GA 3 increased, and culm lignin, cellulose, silicon, and potassium contents also increased. These results supplement the functional description of OsSPL14.
Materials and methods

Generation of transgenic rice
The plasmid pCAMBIA1300-OsSPL14 ( Supplementary  Fig. S1 ; OsSPL14/IPA1: GenBank GU136674.1; 7229 bp containing the promoter and coding region for mRNA) was introduced into mature rice (O. sativa L. indica cultivar 'MH86') embryos using Agrobacterium-mediated transformation. The hygromycin resistant plants were detected by PCR, RT-PCR and southern blot, then positive plants were grown in transgenic experimental field. Stably inherited transgenic plants possessing single copy insertions of the transgene were selected and used in this study.
RNA sequencing and transcriptome analysis
Total RNA was isolated from 1-month-old seedlings of transgenic plants and 'MH86' using TRIzol reagent. The cDNA library was constructed and sequenced using an Illumina HiSeq2500 Sequencer. Low quality reads were removed to produce clean reads, then the clean reads were mapped to the reference genome (https ://plant s.ensem bl.org/ Oryza _indic a/Info/Index ) using TopHat2 (https ://ccb.jhu. edu/softw are/topha t.) to obtain mapped reads. Based on location information of mapped reads, gene expression levels were calculated by cuffquant and cuffnorm components of cufflinks software using fragments per kilobase of transcript per million fragments mapped (FPKM) as measurement index. According to screening standard of fold Change (FC) ≥ 2 and false discovery rate (FDR) < 0.01, DEGs analysis between transgenic plants and WT was perform by a differential expression analysis for sequence count data. Gene ontology (GO) enrichment analysis of DEGs was implemented by biological annotation system of the GO Consortium. The most enriched GO terms were conducted by KOBAS (2.0) with FDR ≤ 0.05. And the DEGs were mapped in Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
Quantitative real-time PCR (qRT-PCR)
To validate DEGs identified in the transcriptome analysis and to analyze some genes from OsSPL14 regulatory networks, qRT-PCR was conducted on selected genes. The qRT-PCR was performed on a 7500 real-time PCR system (Applied Biosystems) with the Fast Start Universal SYBR Green Master system (Roche, USA), following the manufacturers' protocols. The relative quantitative method (ΔΔCT) was used to evaluate the quantitative variation in the examined replicates. Primers were listed in Supplementary Table S1 . TB F/R and DEP F/R primers, D53 F/R primers, and D17 F/R, D14 F/R, D3 F/R primers were those of Lu et al. (2013) , Song et al. (2017) , and Sun et al. (2014) , respectively.
Determination of OsSPL14 protein abundance by western blotting
Total protein was extracted with buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 4 mM MgCl 2 , 0.5% NP-40 detergent, and 5 mM DTT) and quantified using a modified Bradford protein assay kit (Sangon Biotech). Protein samples were separated in a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane. Immunodetection of OsSPL14 was performed using an anti-OsSPL14 primary antibody (1:1000) and a secondary antibody (1:10,000). HSP, as the endogenous control, was detected using anti-HSP primary antibody (1:10,000) (Beijing Protein Innovation) and secondary antibody (1:10,000). The signal was detected using a SuperSignal ECL chemiluminescence kit (Boster Biological Technology Co. Ltd).
ABA, jasmonate acid (JA), and GA 3 assays
One-month-old seedlings and tillering-stage plants of the transgenic lines and WT were collected. ABA, JA, and GA 3 contents were detected by high-performance liquid chromatography (HPLC, Agilent 1100).
Scanning electron microscopy (SEM) analysis
At the heading stage, a 0.3-cm section in the middle of the third internode was removed using a scalpel and placed in 3% glutaraldehyde for fixation for 8-10 h. After a series of treatment, the samples were mounted onto aluminum stubs, coated with carbon gold and were observed using a 3500 N scanning electron microscope (Hitachi, Tokyo, Japan) to collect images.
Compositional analysis of culm
At the mature stage, plant culm was collected and placed in an oven for 30 min at 105 °C and then transferred to 65 °C until a constant weight was achieved. The determination of cellulose, lignin and potassium (K) content were performed in accordance with the methods described in GB/T 13885-2003 /ISO 6869:2000 (2000) . The silicon (Si) content was determined using the Si molybdenum blue colorimetric method (Tong et al. 2005; Dai et al. 2005 ).
Statistical analyses
Statistical analyses were performed using one-way anova or Student's t tests. P-values of < 0.05 were considered to indicate statistical significance. Statistical calculations were performed using Microsoft Excel 2016.
Results
Phenotype of MH86 over-expressing OsSPL14
We introduced pCAMBIA1300-OsSPL14 into indica cultivar MH86 using Agrobacterium-mediated transformation and generated the OsSPL14-overexpression rice plants (OE; Supplementary Fig. S2 ). Two individual transgenic lines with single copy insertions, named as OE line 1 and OE line 2, were randomly selected for further study. In contrast, the growth periods of the OsSPL14 OE lines were shortened by 5-15 d, depending on the growing area (Fig. 1a ). The expression of OsSPL14 increased in OE lines, and immunoblot analysis validated that OsSPL14 protein level was substantially increased (Fig. 1c, d ). OE lines had shorter and narrower flag leaves compared with those of WT plants. The flag leaf lengths and widths of OE plants decreasing by about one third and one quarter, respectively ( Fig. 1b , e, f). Consistent with a previous report (Jiao et al. 2010) , OE plants showed decreased tiller numbers and strong culms ( Fig. 1 g) . The culm diameters and culm wall thicknesses of OE lines increased by ~ 21-24% and ~ 15-20%, respectively ( Fig. 1h, i) . However, the heights of OE plants were not significantly different from those of WT ( Fig. 1j ). In addition, OE plants appeared greener, especially at the mature stage, and the leaves of OE plants were thicker than those of WT. Also, Chl a, Chl b, and Car x contents of leaves increased at the seedling and mature stages of OE lines (Fig. 1k, l ).
Comparative analysis of transcriptome profiling
To investigate the impact of OsSPL14 overexpression on the rice transcriptome, we conducted an RNA sequencing experiment using OE line 1 and WT (Control). DEGs were identified using the screening standards FC ≥ 2 and FDR < 0.01. A total of 576 DEGs, containing 473 up-and 103 down-regulated genes, were identified ( Fig. 2a ).
Subsequently, GO was used to classify the DEG functions. The DEGs were categorized into three major GO categories, biological process, cellular component, and molecular function, which totally contained 51 functional groups (Fig. 2b) . Additionally, the determination of the most enriched GO terms was conducted by KOBAS (2.0) using FDR ≤ 0.05, which revealed that the DEGs were grouped into 20 different GO terms, including 15 terms for molecular function, three terms for biological process, and two terms for cellular component (Fig. 2c ). The results implied that the DEGs annotated with GO terms were mainly related to "ion binding", "heme binding", "sequence-specific DNA binding", "oxidation-reduction process", "regulation of transcription", and "cytoplasmic membrane-bounded".
Moreover, to further understand the biological functions of the DEGs, we mapped the DEGs using the KEGG database and obtained 20 KEGG pathways that were the most enriched ( Fig. 2d ; Supplement Table S2 ). According to enrichment factor, Q values, and the number of enriched genes in each corresponding pathway, five KEGG pathways were selected to be annotated in detail. This analysis showed that most of the DEGs in these pathways were upregulated (Table 1 ). In particular, the five DEGs in "Carotenoid biosynthesis" were all up-regulated. Among them, "BGIOSGA011548", encoding beta-carotene hydroxylase 2, and "BGIOSGA029294", encoding phytoene synthase, are important genes involved in carotenoid biosynthesis. Because carotenoid is the precursor of ABA, the other genes "BGIOSGA025169" and "BGIOSGA013214", encoding 9-cis-epoxycarotenoid dioxygenase, and "BGI-OSGA029635", encoding ABA 8′-hydroxylase 3, also participate in ABA metabolism. The up-regulated DEGs in "Phenylpropanoid biosynthesis" were "BGIOSGA005999", encoding phenylalanine ammonia-lyase (PAL), "BGI-OSGA006502" and "BGIOSGA008177", encoding transcinnamate 4-monooxygenase/cinnamate-4-hydroxylase (C4H), and "BGIOSGA026897", encoding "4-coumarate-CoA ligase" (4CL), which are also key enzyme genes for lignin because lignin is a phenylpropanoid monomer polymer (Zhong and Ye 2015) . The pathway showed the highest enrichment factor for "Thiamine metabolism", in which the up-regulated DEG was "BGIOSGA025304", encoding 1-deoxy-d-xylulose-5-phosphate synthase 2 (DXS). DXS is an important enzyme involved in terpenoid anabolism, which includes the biosynthesis of chlorophylls, tocopherols, carotenoids, ABA, and gibberellins (GAs) (Aharoni et al. 2005; Estévez et al. 2001) . Additionally, the DEGs in "Plant hormone signal transduction" are related to JA, ethylene, and ABA signal transduction. The DEGs in "Starch and sucrose metabolism" are mainly related to sucrose, starch, trehalose, fructan, and pectin metabolism.
Gene expression analysis
To confirm the DEGs identified in the transcriptome analysis, several genes from the five selected KEGG pathways were analyzed by qRT-PCR. The expression levels of 15 up-regulated DEGs were higher in OsSPL14 OE line 1 than in WT (Fig. 3a) , while the expression levels of five down-regulated DEGs were lower in OsSPL14 OE line 1 than in WT (Fig. 3b) . Thus, the expression profiles of DEGs analyzed by qRT-PCR were consistent with the transcriptome analysis.
OsSPL14 regulates the expression of TB1 and DEP1, and OsSPL14 may act with D53 to mediate SL-regulated tiller development (Lu et al. 2013; Song et al. 2017 ). Thus, the expression profiles of TB1, DEP1, and some genes related to SL biosynthesis or SL signal transduction were also assessed by qRT-PCR. TB1 showed no obvious change, while DEP1 was up-regulated slightly in OE line 1. In addition, compared with WT, DWARF (D) 17, which is involved in SL biosynthesis, was up-regulated in OE line 1. D14 and D3, which involved in SL signal transduction, were up-regulated in transgenic plants (Fig. 3c) . Thus, the overexpression of OsSPL14 could indeed influence the expression of several genes involved in plant architecture. 
Changes in ABA, JA and GA 3 contents
Compared with WT, the OsSPL14 OE lines had different phenotypes. Based on the transcriptome analysis, the expression levels of several genes in carotenoid biosynthesis, ABA metabolism, terpenoid anabolism, and plant hormone signal transduction pathways are up-regulated. Thus, we wanted to determine whether the relevant plant hormone contents were altered in OE lines. Consequently, we measured ABA, JA, and GA 3 contents of OE lines 1 and 2 at seedling and tillering stages. Compared with that of WT, the ABA contents of the OE lines increased at the seedling stage, by 18% and 23% in the two transgenic lines. The ABA contents of OE lines increased slightly at tillering stage (Fig. 4a) . However, the JA contents showed no changes in OE lines at the seedling stage compared with WT and decreased slightly in OE line 1 at tillering stage (Fig. 4b) . In contrast, the GA 3 contents of the OE lines increased dramatically at the seedling stage, being approximately three times of that in WT. Although the GA 3 contents of the OE lines and WT decreased significantly at tillering stage, the GA 3 contents of OE lines were still 56% and 27% greater than that of WT (Fig. 4c) . Thus, there are higher levels of ABA and GA 3 in OE lines than that in WT.
SEM and compositional analysis of culm
One obvious characteristic of OE plants is their strong culm. Consequently, the internal organizational structure of culm in OE plants was observed using SEM. The OE plants had more small vascular bundles and sclerenchyma cells, and also had larger big vascular bundles than WT. Moreover, the degree of lignification in cortical cells was greater in OE plants (Fig. 5a ). In addition, the expression profiles of key genes involved in lignin biosynthesis and carbohydrate metabolism changed significantly in OE lines. Consequently, we hypothesized that the culm composition of OsSPL14 OE plant was likely to change compared with that of WT. Therefore, we measured the lignin, cellulose, Si, and K contents of the culm in OE lines 1 and 2. In contrast with that of WT, the lignin contents of the OE lines increased by 17% and 30% in the two lines, respectively (Fig. 5b) . Additionally, the cellulose contents of the OE lines increased by 13% and 16% (Fig. 5c ). Remarkably, the Si contents of the OE lines increased by 45% and 78%, respectively compared with that of WT (Fig. 5d ). In addition, the K contents also increased by 18% and 19% in the two OE lines, respectively (Fig. 5e ). Thus, overexpression of OsSPL14 in rice could cause great changes in culm characteristics and composition. The latter is closely responsible for culm mechanical strength. Thus, our results may explain the previous findings that the culm mechanical strength of NIL OsSPL14 ipa1 plants with high expression levels of OsSPL14 was significantly increased (Jiao et al. 2010 ).
Grain quality analysis
Transgenic rice lines overexpressing OsSPL14 have large panicles, more branching, and more grains per panicle (Jiao et al. 2010; Miura et al. 2010 ). Here, we performed grain quality analysis of OE lines 1 and 2. The grain length, grain width, brown rice rate, head rice rate, and gelatinization temperature were not different in OsSPL14 OE lines compared with WT ( Fig. 6a-e ). The milled rice rate and amylose contents of OE line 2 decreased, but those of OE line1 showed no significant changes (Fig. 6f, g) . However, the chalkiness ratios and chalkiness degrees of the OE lines decreased significantly compared with those of WT (Fig. 6h, i) . In addition, the gel consistency levels of the OE lines improved (Fig. 6j ). Thus, a few of the grain quality characteristics of the OsSPL14 OE lines were altered to a certain extent.
Discussion
OsSPL14, as a transcription factor, plays an important role in rice plant architecture. The typical characteristics of transgenic plants overexpressing OsSPL14 were reduced tiller number and strong culm. In addition to these characteristics, we observed that OsSPL14 OE plants have shorter growth periods. This was consistent with previous research in which the overexpression of SPL3 caused early flowering and SPL9/SPL15 controlled the juvenile-to-adult phase transition in A. thaliana (Cardon et al. 1997; Schwarz et al. 2008) . SPL3 impacts flowering by directly activating the plant-specific transcription factor LEAFY, MADS domain protein FRUITFULL, and APETALA1, which control meristem identity transition (Yamaguchi et al. 2009 ). The SPL genes may affect flowering as downstream targets of CONSTANS and flowering time regulator at the shoot apex (Schmid et al. 2003 ). However, SPLs may control flowering in an endogenous flowering pathway different from the familiar flowering time regulator/bZIP transcription factor flowering model, and the miR156/SPL module may promote flowering in the absence of photoperiodic cues (Wang et al. 2009 ). Thus, the molecular mechanisms of the SPLs involved in controlling flowering are not fully understood, especially in rice.
OsSPL14 OE plants had short narrow flag leaves and thick green leaves in this study. In A. thaliana, most miR156-targeted SPL genes have high expression levels in the shoot apex (Cardon et al. 1997; Wu and Poethig 2006) . Moreover, Wang et al. (2008) indicated that miR156 quantitatively modulates SPL expression in the leaf primordia, and SPL mediates the nonautonomous effects of existing leaf primordia on the initiation of new leaf primordia at the shoot apical meristem. Plants overexpressing SPL9 showed a strong plastochron, with a reduced leaf initiation rate. SPLs function in regulating plastochron length and leaf size, but the mechanisms, including the downstream target genes of SPLs in leaf development, are still unknown. Similarly, OsSPL14 is predominantly expressed in the shoot apex (Jiao et al. 2010; Miura et al. 2010) , and OsSPL14 mRNA levels decrease in flag leaves of OsmiR156-overexpression transgenic plants (Xie et al. 2006 ). Thus, OsSPL14 may involve in flag leaf development, although there are limited studies on the molecular mechanisms of SPLs in regulating leaf development in rice. Additionally, we observed that the OsSPL14 OE lines were greener than WT, and the Chl a, Chl b, and Car contents were greater at the seedling and mature stages. This may be chiefly attributable to the up-regulation of genes involved in terpenoid anabolism as determined by our transcriptome analysis. Nevertheless, there is limited research on the effects of SPLs on leaf color in rice and A. thaliana.
Plant hormones play vital roles in regulating plant growth, development, and adaption to environmental changes (Santner and Estelle 2009) . ABA is a phytohormone that regulates seed dormancy, seed embryo development, and stress-tolerance improvement (Nambara and Marion-Poll 2005; Matilla et al. 2015) . SLs are hormones involved in suppressing lateral shoot branching, root development, response to environmental condition, and secondary growth in vascular plants (Ruyter-Spira et al. 2013; Al-Babili and Bouwmeester 2015) . ABA and SLs are apocarotenoids that share carotenoid as a biosynthetic precursor (Matusova et al. 2005) . Our transcriptome analysis revealed that the expression levels of the phytoene synthase and beta-carotene hydroxylase 2 genes, which are key enzyme genes in carotenoid biosynthesis, were up-regulated in OsSPL14overexpression rice plants. In addition, the expression levels of the 9-cis-epoxycarotenoid dioxygenase gene, which participates in the rate-limiting step of ABA biosynthesis, and genes involved in SL biosynthesis and SL signal transduction also changed. Indeed, the carotenoid content of the transgenic plants was greater than that of the WT, and thus, it could provide more precursors for ABA or SL biosynthesis. Because of the common biosynthetic precursor, there is an inevitable correlation between ABA and SL levels. ABA-deficient tomato mutants exhibit greatly reduced ABA and SL contents with the downregulation of SL biosynthetic genes, suggesting a role of ABA in the regulation of SL biosynthesis (López-Ráez et al. 2010) . Similarly, SL-deficient plants showed reduced ABA levels under osmotic stress (Liu et al. 2015) . The biosynthetic pathways of ABA and SLs may be functionally connected. Haider et al. (2018) indicated that SLs interact with ABA during drought response in rice. SL and ABA pathways are connected through the SL biosynthetic enzyme D27, and its overexpression in rice results in increased ABA levels. In our study, OsSPL14 OE lines had higher ABA contents. Thus, we hypothesize that the higher ABA level could accompany SL to regulate plant growth and development.
In addition, GA is another important growth-promoting hormone. GA is a tetracyclic diterpenoid plant hormone that participates in diverse growth and developmental processes, including leaf differentiation, stem elongation, trichome development, seed germination, and flowering induction (Olszewski et al. 2002; Fleet and Sun 2005) . One main function of GA is regulating organ elongation by affecting cell division and elongation. The GA-deficient dwarf1 (gdd1) rice mutant showed a phenotype with greatly reduced lengths of roots, stems, spikes, and seeds, which could be rescued by exogenous GA 3 treatments. Furthermore, GDD1, having a transcriptional regulatory activity, affects GA accumulation by regulating ent-kaurene oxidase, which is involved in GA biosynthesis (Li et al. 2011) . In Arabidopsis, SPL8, a member of the SPL gene family, has a tissue-dependent regulatory role in response to GA during plant development. Changes in SPL8 expression affects the transcription of genes involved in GA biosynthesis and signaling (Zhang et al. 2006) . In this study, we found that the expression of DXS, which is involved in terpenoid anabolism, was up-regulated in the OsSPL14 OE lines, and the GA 3 content increased significantly compared with in WT. The latest research indicated that GA signaling reduces the number of tillers (Liao et al. 2019) , which corroborates our results. Moreover, the other main function of GA is promoting flowering. SPL15 is a key component in the integration of age-and GA-derived flowering pathways at the Arabidopsis shoot meristem (Hyun et al. 2016 ). Thus, we hypothesized that there was a definite correlation between early flowering in OsSPL14 OE plants and high GA levels. IPA1/OsSPL14 regulates the GA pathway and blocks GA signal transduction through SLR1 during disease resistancerelated processes . It is probable that IPA1/ OsSPL14 regulated the GA pathway through varied mechanisms in different situations and different growth stages. Thus, we inferred that the overexpression of OsSPL14 influences several plant hormones' biosynthesis to regulate plant development. However, the mechanisms need to be further elucidated.
In vascular plants, the major component of the secondary cell wall is lignocellulose, which mainly consists of lignin, cellulose, hemicellulose, and cell wall proteins (Kumar et al. 2016) . Lignin is a phenylpropanoid monomer polymer that maintains the structural integrity of the cell wall and increases the mechanical strength of the plant. The pathway of lignin monomer biosynthesis starts with the deamination of phenylalanine by PAL. Then, the product, cinnamic acid, is transformed to coumaric acid by C4H and further acted on by 4CL to produce p-coumaroyl-CoA (Boerjan et al. 2003; Zhong and Ye 2015; Kumar et al. 2016) . In this study, a transcriptome analysis indicated that the expression levels of PAL, C4H, and 4CL were up-regulated in the OsSPL14 OE lines. Coincidentally, the lignin contents of the culm increased dramatically in the OsSPL14 OE lines. Cellulose is a polysaccharide, and cellulose microfibrils form the main load-bearing network (Somerville 2006) . Our study suggested that the expression of some genes that participate in sugar metabolism were changed in the OsSPL14 OE lines, and the cellulose content of the culm increased, compared with WT. Guo et al. (2003) indicated that high cellulose and lignin contents within a certain stem enhanced the lodging resistance. Thus, the higher lignin and cellulose contents could enhance the mechanical strength of OsSPL14-overexpression plants. Additionally, the Si level has a close correlation with the mechanical strength of the culm. Si, which mainly exists in the epidermal layers of stems, leaf sheaths, and vascular bundles, can increase the strength and hardness of the plant cell walls (Luo et al. 2007 ). Increasing the Si contents of plants could improve the mechanical strengths of the basal internodes and eventually increase plant resistance to lodging (Jiang et al. 2012) . Another factor, the K level, impacts the mechanical strength of the culm. Yang et al. (2004) indicated that the thickness of the basal stem and the anti-fracture characteristic were correlated with Si and K contents. Here, the Si and K contents increased in the OsSPL14 OE lines. This further illustrated that as the mechanical strength of OsSPL14-overexpression plants increased, so did the lodging resistance. Thus, OsSPL14 is a pleiotropic regulator that participates in several metabolic pathways and plays important roles in the growth and development of plants. Certainly, the regulatory network of OsSPL14 is worth further studying in rice. otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
